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Abstract 
The transport of dust and sand by wind can provide a major mechanism conducive to land form changes due to aeolian activity, 
including sandy coasts, deserts and agricultural fields. Meanwhile, a strong electric field and electrical discharge phenomena 
could exist and be associated with the generation of dust storms. The wind-blown sand blown flow is a kind of gas-solid two-
phase flow. Nowadays, numerical modeling methods are usually employed by researchers for its convenience and speed in 
forecasting and assessments on pollutants dispersions and variations. Generally, a CFD-DEM method is used for wind-blown 
sand blown flow simulation, in which large eddy simulation (LES) is a method of computational fluid dynamics (CFD) to 
simulate the dynamic flow of gas or air and discrete element method (DEM) is often used to simulate the particle-particle 
collision. Giving the initial and boundary conditions is the key to get the appropriate simulation results. In this study, some issues 
for wind blown sand flow simulations are discussed, 1) the effect of time-series inlet wind velocity attributed to the atmospheric 
boundary layer movements that induced by regional climate and local meteorological process; 2) the role of water content 
adsorbed on sand surface for the tribo-electric charging of wind-blown sand; 3) the evaluation of the inter-particle contact time 
and contact area in the real heat transfer process when the softening treatment used in the DEM method to track the movement of 
each particle. 
© 2013 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of School of Civil Engineering and Mechanics, Lanzhou University. 
Keywords: Wind-blown sand, gust wind, particle charging, softening treatment. 
 
 
* Corresponding author. Tel.: +86-29-83395100; fax: +86-29-83395100. 
E-mail address: wei_wei@whut.edu.cn(W. Wei); guzhaoln@mail.xjtu.edu.cn(Z. Gu) 
5 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by- c-nd/4.0/).
Selection and peer-review under responsibility of School of Civil Engineering and Mechanics, Lanzhou University
120   Weijun Li et al. /  Procedia IUTAM  17 ( 2015 )  119 – 128 
1. Introduction 
Sand movement, with its harmful environment effect, has been paid much attention for a long time. The sands are 
blown from the surface, suspending in the atmosphere, they would affect climate and natural environment1. In order 
to understand and effectively minimize the hazards of sand movement, the research of sand flow and its influencing 
factors is essential. 
The saltating sands occupy about 75% of the total wind-blown sands. The saltation movement is considered as 
the main form of sediment transport, meanwhile, it is also the important way to cause sands suspending and creep. 
When wind shear stress on the earth near-surface is greater than a threshold (for loose sand bed is about 0.05 N·m-2), 
sands on the ground surface would be saltated by wind blowing, the saltating sand then hop in the wind. After a few 
hops, saltating particles can be sufficiently accelerated to eject (or ‘splash’) other particles from the soil. This causes 
an exponential increase in the number of saltating particles in the initial stages of saltation2. Anderson and Hallet3 
were successful in modeling the trajectories of saltating particles. Ungar and Haff4 tried to couple the motion of 
saltating particles to the retardation of the wind speed near the surface in a simple, steady state model, in which the 
trajectories of all saltating particles are assumed identical. Almeida et al5 added a saltation model into the 
Computational Fluid Dynamics (CFD) software FLUENT, capable of calculating the turbulent wind field in the 
presence of saltation. While their saltation model, assuming identical trajectories, does not explicitly consider the 
splashing of surface particles. Zheng and coworkers6-8 developed a numerical model that can reproduce certain 
features of saltation, considering the effects of electrostatic forces. Kok and Renno9 presented a comprehensive 
numerical model of steady state saltation (COMSALT) to calculate the motion of saltating particles due to gravity, 
fluid drag, particle spin, fluid shear, and turbulence and explicitly accounts for the retardation of the wind due to the 
drag from saltating particles. 
But most of these studies seldom consider the collision among sands, in fact, the collisions would change the 
movement direction of the sand, affect the trajectories of sand near the surface. The Discrete Element Method 
(DEM)10, 11 has the capacity to simulate the dynamic behavior of sand-sand collision and sand-bed collision, thus it 
can be used to quantitatively describe the charged phenomena in the sand movement and physical mechanism of 
charge transfer. 
Sands are often charged in sandstorm12, 13 and dust devil14, 15 in nature. Latham16 early tried to give the charging 
mechanism of sand particles, presuming the electric charge sources mainly from asymmetric frictions between large 
particles and small ones when they collide each other. Because of the difference of surface areas between large and 
small sand particles, the contact between a small particle (warm) and a large one (cool) would transfer some positive 
ions from the small particle to the large one so that the small sand particle becomes negatively charged and the large 
one is positively charged. Lacks et al17 suggested that the electron states are spatially localized in particle surface, 
electrons trapped in high-energy states can be spontaneously transfer to the low-energy states on another particle 
when collision happens. Base on the surface state theory, Kok and Lacks18 proposed a charging mechanism that the 
smaller particles can be charged negatively and larger particles can be charged positively due to asymmetric 
contacting surface areas. Nevertheless, this charging mechanism cannot apply to the uniform granular system which 
the electrostatic still in it. Desch and Cuzzi19 proposed a collision charge transfer model depends on the preexisting 
charges. However, according to this model, there is no charge transfer occurs when the particles are not initially 
charged in identical material granular system. To mitigate this problem, Kok and Renno20 using the effective contact 
potential difference between larger and smaller particles to describe the charge transfer in wind-blown sand system. 
Pähtz et al21 pointed out that in an external dipolar electric field, a particle becomes polarized such that its top is 
locally positive and its bottom is locally negative. When two such particles collide in a top–bottom orientation, the 
locally negative surface of the higher particle contacts a locally positive surface of the lower particle, a driving force 
occurring for charge transfer such that the higher particle gains net positive charge and the lower particle gains net 
negative charge. However, this concept is not available for the explanation of smaller particles charged negative and 
larger particles charged positive which observed by Forward et al22, moreover it is contradictory to the induced 
electric field in dust storms23. 
The nature of sand movement mechanism is the coupling effects between sands and wind. The movement of sand 
is governed by wind, at the same time, it also have retarding effect on the wind field. After the first international 
conference of sand physics which held at the University of Aarhus in 1985, many scholars set out to establish 
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mathematical model describing sand movement, much progress has been made. Combined the Computational fluid 
dynamics(CFD) and Discrete Element Method(DEM), the simulation of air flow, particle collision, and the 
electrostatic phenomenon in wind-blown sand are realized, but there are still some improvements to raise the 
numerical accuracy. This paper mainly focuses on  the following three aspects to improve the numerical modeling, 1) 
the effect of time-series inlet wind velocity attributed to the atmospheric boundary layer movements that induced by 
regional climate and local meteorological process; 2) the role of water content adsorbed on sand surface for the 
tribo-electric charging of wind-blown sand; 3) the evaluation of the inter-particle contact time and contact area in 
the real heat transfer process when the softening treatment used in the DEM method to track the movement of each 
particle. 
2. The time-series wind inflow for the boundary condition in simulation 
Generally, a steady wind inflow is used as the boundary condition in numerical simulation. Although the real 
strong steady wind field is fluctuating, its vertical component might be great enough to exceed the threshold for sand 
saltation, the wind direction sometimes rising and sometimes sinking makes the average vertical velocity zero, and 
thus sands are hardly suspend to the upper atmosphere boundary layer. 
After cold spring comes across northern China, there occurs strong seasonal wind. The weather conditions, such 
as sudden changes in wind direction and velocity (so called strong wind gusts), are benefit to dust blast. Wind gust 
has sharp changes in a short time, presenting clear three-dimensional coherent structures in the wind trough 
accompanied by updraft, while the crest accompanied by the downdraft. In fact, the updrafts during gusts interval 
are the mainly driving force to lift the sand particles into the upper atmospheric boundary layer24. 
Most of wind-blown sand simulations and wind tunnel experiments are based on the assumption of steady wind 
and flat ground surfaces. Here we demonstrate the sequence of the wind fields under the gust wind conditions, in 
which the velocity varied with time. According to the velocity profile of Prandtl-Kaman’s law, 
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Where *u  is the friction velocity, 0z  is the bed roughness, taken as 10-5m. In the following simulations, a 
logarithmic inlet boundary condition is adopted, while the friction velocity varying with time is used to simulate 
gust wind conditions. 
Zeng et al.25 have got the gust horizontal velocity and its corresponding updraft and downdraft varying with time 
at three different heights in Beijing, March 20, 2002. In order to verify the time series simulations under the real 
wind inflows, a slice of Zeng’s observed data are adopted as inlet boundary conditions as shown in Fig. 1. 
 
Fig. 1 The real velocity varied with time, Zeng et al25 
Large Eddy Simulation (LES) is selected to predict the wind flows, Smagorinsky subgrid model used for the 
subgrid scale model. 
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The sequence of wind flow fields on the flat ground surface illustrate that the increasing inflow wind (the 
exposure of gust wind) follows by the downdrafts occurring in the wind field, while the decreasing inflow wind (the 
interval of gust wind) follows by the updrafts occurring in the wind field as shown in Fig. 2. 
 
Fig. 2 The wind flow fields on the flat ground surface. The sequence of wind fields depicted as aǃbǃcǃdǃeǃf match with the wind inflow 
conditions depicted as aǃbǃcǃdǃeǃf in Fig. 1. 
The averaged updrafts and downdrafts in the exposure and interval of wind gust are shown in Table 1, 
respectively. 
Table 1 The averaged updrafts and downdrafts 
The sequence point a b c d e f 
Occurrence of air draft downdraft updraft downdraft updraft downdraft updraft 
Averaged air-draft velocity(m/s) 0.325 0.305 0.296 0.319 0.295 0.349 
Sand suspending in the air are subject to gravity, buoyancy and air drag force. Initially, gravity is greater than 
buoyancy and drag forces, sand starts to settlement. As the falling velocity increase, the drag force is increasing until 
the drag force is equal to gravity and buoyancy, sand begins to settlement with constant velocity, then the speed is 
called settlement velocity, tv . 
Equation of the sand movement can be represented as: 
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The settlement velocity of sand is as follows: 
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Where pU =2500kg/m嘓ˈ U =1.205Kg/m嘓ˈ g=9.8m/s嘒ˈ DC = 0.618.5 / Re t . It is concluded from Equation (3) that the 
sand with the diameter less than 60 μm can be raised into the upper atmospheric boundary layer on in the flat ground 
surface under gusts wind inflows. 
The sequence of the wind flow fields on the bed with a dune illustrate that, there occur the downdrafts in the 
exposure of gust wind on the leeward of the dunes, while the updraft in interval of gust wind on the leeward of the 
dunes, as shown in Fig. 3. 
 
Fig. 3 The wind flow fields on the bed with a dune. The sequence of wind fields depicted as aǃbǃcǃdǃeǃf correspond to the wind inflow 
conditions depicted as aǃbǃcǃdǃeǃf in Fig. 1. 
It can be seen from Fig. 3 that, as the existence of sand dunes, the updraft and downdraft are larger than that on 
the flat ground surface, for instance, the averaged updraft is 4 m/s. Fig. 3(a), 3(c), 3(e) also show that the sand dune 
can transfer downdraft into updraft. 
By using the Equation(3), the sand with the diameter up to 600 μm can be lifted into the upper atmosphere 
boundary layer with gust wind occurrence on the real uneven terrain. In fact, the diameters of most sands are less 
than 300 μm, therefore, the updraft caused by gust wind is the important driving forces to lift sands upwards, 
resulting in the dust weather. 
3. Remarks on the role of water content for the triboelectric charging 
It is well known that there are many uneven pits on sand surface, which would provide a large surface free energy 
with a high potential for water content adsorbed among these microporous sand structures. In fact, the adsorption of 
water would depend on the sizes of the micropores in the sand and water content is adsorbed in a progressive way, 
filling the narrower micropores first in the micropore structure26. When sands are suspended in the atmosphere, the 
water molecules in the atmosphere would be absorbed on the potholes zone of the sand surfaces, and this might 
increase the weight of sand. 
Assuming that the initial temperature of sand is equal to the temperature of atmosphere, let’s discuss the energy 
conversion in the wind blown sand system. The internal energy conversion of sands, W, may be divided into the 
frictional work (tangential relative slip) and the hysteresis deformation energy (normal direction) between sand i and 
sand j, as represented by Equation(4). 
 1C Ctij t nij nW eG G    F F  (4) 
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Where, CtijF  and 
C
nijF  are the tangential force and normal force on the contacting interface, respectively; e is the 
coefficient of restitution; tG  and nG are the tangential displacement and normal displacement. 
Assuming the internal energy conversion is equally partitioned between sand i and sand j, the temperature 
increment, ΔT1, of sand i can be determined by Equation (5)27, 28. 
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Where Vi is the volume of sand i, ρ is the density of sand, c is the specific heat capacity, a1 is the conversion 
coefficient from mechanical energy to internal energy and in this study, a1 = 0.9 is used. 
The heat transfer between the contacting sands is neglected owing to the short collision time. During the free 
movement of sand i in the gas flow after particles collision, the instantaneous temperature difference between sand i 
and the surrounding air can be evaluated by Equation (6). 
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0.6 1/ 30.37 Re PrNu  are based on the heat transfer empirical formula of the flow around a 
sphere29; λ is the coefficient of heat conductivity, Re is Reynolds number, and Pr is Prandtl number. 
The amount of water adsorbed can be determined by the volume of total microporosity on the sand surface. The 
ion/electron dynamic transfer process in the sand system with adsorbed water film is shown in Fig. 4. 
 
Fig. 4 The schematic of ion/electron dynamic transfer between two different size sands with an adsorbed water film. (a) The electroneutral sands 
would initially have the same temperature, T0. (b) The internal energy conversion by collision would cause a temperature rise of the sands while 
increasing the ion concentration in the adsorbed water film. The ion would migrate from the high temperature sands to low temperature particles 
through the contacting interface. (c) The high temperature particles would become negatively charged while the low temperature sands become 
positively charged due to the mobility of H+ being greater than that of OH-.30 
If the gas temperature is maintained constant, the ion concentration of H+ and OH- in the adsorbed water film 
would depend on the temperature difference between sand i and the surrounding air. Under the mobility difference 
between H+ and OH-, the ion/electron flux, J, between the contacting sand i and sand j would be related to the 
temperature difference, as shown in Equation (7). 
 2 3 i jJ a a T T '  '  (7) 
Where, ΔTi and ΔTj are the instantaneous temperature difference between sand i / sand j and the surrounding air, 
respectively. The item  
i j
T T'  '  represents the temperature difference between two contacting sands; a2 is the 
electrical conductivity of the particles with the adsorbed water, and this would be influenced by the relative 
humidity and ambient temperature in a wind-sand system; a3 is the coefficient which describes the electrical charge 
flux between the sands and it is related to the ionic product of water, mobility of H+ and OH- and the amount of 
ion/electron on the particle surface. 
The electrical conductivity a2 would increase with an increase in relative humidity31, while the coefficient a3 
would vary with the relative humidity. When relative humidity is low, a slight increment of relative humidity could 
result in a rapid increase of ions/electrons concentrations. However when the relative humidity exceeds a threshold 
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value, the adsorbed water film would become thicker. The rising temperature of the particles could be retarded by 
the cooling effect of the water vapour due to its large specific heat capacity. Therefore, the concentrations of 
ions/electrons on the sands surfaces would remain low. 
Therefore, the opposite charges, q, of sand i and sand j would produce through the collision contact as 
represented as following. 
e
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 (8) 
Where, ts and te are the start and end time of the sand-sand collision. 
Water content is universal but usually a minor component in many particle systems of industrial processes or 
nature. The water content occurs in the form of adsorbed water on the micro-porous surface of the particles. In 
industrial operations, the transfer of powder materials could result in the formation of particle clouds, the gas phase 
would confer the kinetic energy to particles. Attributing to the friction work between the contacting particles and the 
hysteresis deformation due to collision, the loss of kinetic energy of the particles would be portioned and 
transformed into internal energy of the particles, thus changing the temperature of the particles containing the 
adsorbed water. The triboelectric charging would be developed in the moving particle system, due to the different 
mobility of H+ and OH- between the contacting particles with temperature difference.  
This charging model could also be used to study the electrification of a wide range of granular systems, including 
fluidized beds32, powder handling33, wind-blown snow34, and Martian dust devils35. 
4. The contact area and time restoration for the softening treatment in DEM 
The discrete element method (DEM) has been widely utilized to track the movement of each particle or a given 
type of particles in particulate systems. The charging model described above involves particles colliding each other, 
thus the DEM could be used to describe the contact force, contact area, particle velocity during the collision process. 
The softening treatment, meaning that a small normal spring stiffness coefficient is artificially given instead of a 
real value, is used to treat the spring stiffness in the simulation. The softening treatment is an important technique to 
get a large time step, and as a result, improve the calculation efficiency and save the computation resources. 
Computational practices have indicated that such softening treatment has almost no effect on the movement of 
particles since the velocity profile of the particle is independent of the stiffness, kn.  
However, the inter-particle heat transfer varies with the normal spring stiffness since the quantity of inter-particle 
heat transfer is a function depending on the real inter-particle contact area and contact time, which are closely 
related to the normal spring stiffness. Therefore, a feasible scheme for the calculation of the heat transfer quantity in 
the particulate system is to use the real contact time and contact area in the calculation without abandoning the 
softening treatment. 
The Cundall and Strack’s linear model36 is adopted to calculate the overlap in the normal direction. The well-
known differential equation of the damped harmonic oscillator is presented as below: 
2
2
0
d x dx
m kx
dt dt
K    (9) 
Where, m is the mass of vibrator, η is damping, k is the spring stiffness coefficient. The deformation of particle δ 
is equal to the displacement of vibrator x in spring-vibrator system. The solution of Equation(9) is 
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The time which particles interact with wall is the half period of spring-vibrator system. 
2/ 2 / ( )
2
k
t T
m m
KS    (11) 
Therefore, to get the real contact time and area of particles collision for the softening treatment particle system, 
the similarity between two spring-vibrator systems with different stiffness coefficient, the same vibrator mass and 
kinetic energy should be analyzed firstly. According to Tsuji’s formulas, the stiffness of spring would affect 
particle’s interacting time (half a period), however, the phase angles of the above two spring-vibrator systems are 
both equal to π. Thus, when the two systems have an equivalent phase angles, the relationship of the time they takes 
can be expressed as  
2 2
1 2 2 1 2 2 1 1 2 1/ (4 (4/ ) / ) /t t mk mk k kZ Z K K    |  (12) 
Because the η and A are proportional to the square root of k 
2 1 2 1
2 1 2 1
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According to the Hertz’s law, Ra G , the ratio of the real contact area to the contact area under softening 
treatment can be expressed as  
4
1 2 2 1/ /a a k k  (14) 
Where k1 is the real stiffness of particle, k2 is the softening treatment stiffness. The real contact time and area for 
the softening treatment particle system can be calculated based on the traditional DEM, to get the reasonable heat 
flux during particles colliding. We define this process is restoration, Equations (12) and (14) are the time restoration 
coefficient Crt and the area restoration coefficient Cra , respectively. More details are discussed by Lu et al.37 The 
relative error of the restored quantity of heat transfer to the real value is only 3.4% even when the stiffness is 
artificially softened to one-thousandth of the real value37. 
5. Conclusions and discussions  
In general, the wind-blown sand system is a gas-solid two-phase flow. The air phase would provide the kinetic 
energy to the sand system, thus the gas flow could affect the movement and collision of sands. Combined the 
Computational fluid dynamics (CFD) and discrete element method (DEM), the simulation of air flows, particle 
collision, and the electrostatic phenomenon in wind-blown sand have been realized. However, three aspects to 
improve the numerical modelling are discussed in this study. 
The time-series wind inflows are changeable. Especially sudden changes in wind direction and velocity (so called 
wind gusts), are helpful to dust blast. Wind gust has sharp changes in a short time, presenting clear three-
dimensional coherent structures in the wind trough accompanied by updraft, while the crest accompanied by the 
downdraft. In fact, the updrafts during gusts interval are the mainly driving force to lift sands into the upper 
atmospheric layer. 
Resulting from the friction work between the contacting particles and the hysteresis deformation due to collision, 
the loss of kinetic energy of the particles might be portioned and transformed into internal energy of the particles, 
thus changing the temperature of the particles containing the adsorbed water content. The triboelectric charging 
might be developed in the moving particle system, due to the different mobility of H+ and OH- between the 
contacting particles with temperature difference. 
The Discrete Element Method (DEM) is available to track the movement of each particle or a given type of 
particles in particulate systems. However, together with the particle colliding each other, the charging model 
involves the heat transfer and ion shift between the contacting particles. The softening treatment is the key technique 
in the DEM to get a large simulation time step. Computational practices have indicated that softening treatment has 
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almost no effect on the movement of particles since the velocity profile of particle is independent of the stiffness, kn. 
However, the inter-particle heat transfer varies with the normal spring stiffness since the quantity of inter-particle 
heat transfer is a function depending on the real inter-particle contact area and contact time. With the restoration 
method, the heat transfer of the particulate systems is expected to be simulated more realistically even when the 
particle stiffness is softened by several orders37. 
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